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Although  Daphnia  magna is  a key species  in  many  lentic  freshwater  ecosystems  and  is commonly  used
as  model  organism  in ecology  and ecotoxicology,  very  little  is known  about  the  effects  of chemicals  on
their  dormant  life  stages.  Dormant  eggs  (ephippia)  are  produced  when  environmental  conditions  deteri-
orate,  and Daphnia  switch  from  clonal  to sexual  reproduction.  Ephippia  produced  over different  growing
seasons  can accumulate  in  the  sediment  of  ponds  and  lakes,  where  they  can  be  exposed  to  pesticides
and  other  (anthropogenic)  stressors.  In  the present  study,  we  have  investigated  the  effects  of pesticide
exposure  on dormant  eggs  at different  embryonic  developmental  stages  and  evaluated  the degree  of
protection  against  pollution  provided  by the  ephippial  case.  We  therefore  conducted  a hatching  experi-
ment  in  which  decapsulated  and  encapsulated  dormant  eggs  were  exposed  to  an  insect growth  regulator
(fenoxycarb)  at  different  stages  during  their  development,  both  before  and  after  activation  of  the  eggs.  In
addition, we  developed  an analytical  method  to measure  fenoxycarb  concentrations  in  the  dormant  eggs.
Fenoxycarb  negatively  affected  development  and  hatching  success  and  changed  the  timing  of  hatching
in  activated  and  in dormant  eggs.  Hatching  characteristics  as  well  as  fenoxycarb  concentrations  inside
the  eggs  differed  signiﬁcantly  between  exposure  treatments.  Final  stages  of  embryonic  development
were  most  sensitive  to  pesticide  exposure  and  had  the  highest  tissue  concentrations  of fenoxycarb.  Tis-
sue  concentrations  did not  differ  signiﬁcantly  between  decapsulated  and  encapsulated  eggs, suggesting
that  the  ephippial  case  offers  limited  or no direct  protection  against  pesticide  exposure.  With this  study
we  provide  new  evidence  showing  that  pesticides  can  bioconcentrate  in and  affect  D.  magna  dormant
eggs.  The  severity  of  the  effects  on  developing  embryos  depends  on the timing  of pesticide  exposure.  Our
results  stress  the  importance  of  considering  the  full  life-cycle  of  model  organisms  used  in  ecotoxicolog-
ical  studies,  since  these  are  ultimately  aimed  at assessing  risks  of  chemical  exposure  on natural  aquatic
ecosystems.. Introduction
Cyclical parthenogenesis is a mixed reproductive strategy,
ombining both sexual and asexual reproduction (Bulmer, 1982;
e Meester et al., 2004). This strategy is especially common
nd well-studied in monogonont rotifers, aphids and cladocer-
ns (Decaestecker et al., 2009). Like many other cladocerans,
ost Daphnia reproduce clonally under favorable environmentalonditions, but switch to sexual reproduction when conditions
eteriorate. Changes in, amongst others, oxygen level, food quan-
ity and quality, photoperiod, temperature and predation can
∗ Corresponding author. Tel.: +32 (0)16 32 45 69; fax: +32 (0)16 32 45 75.
E-mail address: Sabine.Navis@bio.kuleuven.be (S. Navis).
ttp://dx.doi.org/10.1016/j.aquatox.2014.12.016
166-445X/© 2014 Elsevier B.V. All rights reserved.©  2014  Elsevier  B.V.  All  rights  reserved.
induce the production of males, which in turn fertilize sexual
females, leading to the formation of dormant eggs (Alekseev and
Lampert, 2001; Slusarczyk et al., 2005; Koch et al., 2009; Fig. 1A).
Unlike parthenogenetic eggs, these dormant eggs have thick multi-
layered membranes (Seidman and Larsen, 1979; Zaffagnini, 1987;
Fig. 1C) and are encapsulated in a protective structure, called ephip-
pium (Schultz, 1977; Ebert, 2005; Fig. 1B), that protects them from
mechanical damage and digestive enzymes of organisms like ﬁsh
and birds (Mellors, 1975; Radzikowski, 2013). Dormant eggs can be
dispersed to other water bodies or sink to the sediment layer, where
they can remain viable for several decades to centuries (Frisch
et al., 2014). Since only a fraction of the dormant eggs hatches each
growing season, extensive mixed egg banks are build up over time,
containing ephippia produced over different generations, thereby
creating a buffering effect in terms of population dynamics and
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cig. 1. (A) Ephippial D. magna female; (B) D. magna ephippium, opened to show two
embrane structure of D. magna dormant egg (scanning electron microscope imag
enetic diversity (Caceres, 1997; Brendonck and De Meester, 2003;
e Meester et al., 2006).
Daphnia plays a key role in many aquatic systems (Miner et al.,
012). It also is a well-established model organism in ecologi-
al and evolutionary research (Lampert and Kinne, 2011) and is
sed as standard test organism in ecotoxicology (Walker, 2014).
cotoxicological studies using D. magna,  performed according to
nternationally accepted guidelines (OECD TG 202, 2004; OECD TG
11, 2012), generally focus on the effects of chemicals on the asex-
al part of the reproduction cycle, i.e. on clonal lineages consisting
f genetically identical females. Despite its ecological importance,
onsiderably less attention has been paid to the effects of chemi-
als on the sexual part of the reproduction cycle. Endpoints that
ould be affected by chemical exposure are: offspring sex ratio,
ormant egg production and hatching success of dormant eggs.
f these, chemically induced production of male neonates has
eceived increasing attention over the past years (Dodson et al.,
999; Olmstead and LeBlanc, 2003; Tatarazako and Oda, 2007;
alma et al., 2009). This resulted in the inclusion of offspring sex
atio as an additional optional endpoint in OECD TG 211 (OECD,
012), mainly used to screen chemicals for potential endocrine dis-
upting effects. So far however, surprisingly little is known about
ffects of chemicals on the other two endpoints. Olmstead and
eBlanc (2001) have shown that methoprene, a juvenile hormone
nalog, is able to affect sexual reproduction in D. magna (male pro-
uction was signiﬁcantly delayed and increased, while dormant
gg production was decreased). Also, the surfactant nonylphenol,
as been shown to reduce the production of dormant eggs in D.
agna (Shurin and Dodson, 1997). A few studies have tested the
ffects of organic chemicals on hatching of Daphnia dormant eggs:
he ﬁre retardant Fire-Trol® 934 (Angeler et al., 2006), the insecti-
ide fenoxycarb (Navis et al., 2013) and the biocides menadione and
odium hypochlorite (Raikow et al., 2006, 2007), have been shown
o negatively affect dormant egg hatching success of D. curvirostris,
. magna and D. mendotae,  respectively.
In the current study, we aim to expand our understanding of
ow and to which extent pesticides can affect development and
atching of D. magna dormant eggs, by determining the time win-
ow during which developing eggs are most sensitive to chemical
xposure and by studying the protective value of the ephippial
ase. For this, we performed a hatching experiment, in which bothant eggs and the inner envelope, which normally surrounds the dormant eggs; (C)
 outer membrane; 2 = middle membrane; 3 = inner membrane.
decapsulated and encapsulated dormant eggs were exposed to the
insect growth regulator fenoxycarb at different time periods during
embryonic development, corresponding to different developmen-
tal stages (Fig. 2). In addition, we developed an analytical method
that allows the measurement of fenoxycarb concentrations in the
dormant eggs (Flemish Institute for Technological Research VITO
NV, Mol, Belgium). To the best of our knowledge, this is the ﬁrst time
that pesticide concentrations have been measured directly in the
tissue of D. magna dormant eggs. Some earlier studies (Wyn  et al.,
2007; Chiaia-Hernandez et al., 2013) have measured toxicant lev-
els in dormant stages of Daphnia, but using homogenized ephippia,
i.e. including the eggs as well as the ephippial case. The concentra-
tions reported could therefore include chemicals retained by the
ephippial case and may  not necessarily reﬂect concentrations of
toxicants inside the eggs. We  used our analytical method to detect
whether tissue concentrations differed between treatments that
were used in the hatching experiment. Our hypothesis was that the
extent to which fenoxycarb penetrated the eggs would be related
to effects on development and hatching, and would differ between
developmental phases. The eggs were expected to be least sensitive
to fenoxycarb exposure when they were still dormant (i.e. before
hatching was  initiated by light exposure), while later developmen-
tal stages were expected to be more sensitive.
2. Materials and methods
2.1. Daphnia magna dormant eggs
As starting material for the experiments, ephippia from
Langerodevijver, a shallow lake situated in nature reserve “Doode
Bemde” close to Leuven (Belgium) were used. Sediment of this lake
is known to contain a high density of D. magna ephippia (Rousseaux,
2011), with a high hatching success under optimal hatching condi-
tions (Navis et al., 2013). The top 5–10 cm (active egg bank: Caceres,
1998) of the dormant egg bank was  sampled in December 2012. In
the winter period the egg bank has its maximum size and eggs are in
diapause. Pooled sediment samples were sieved (1 mm and 250 m
sieves) and stored for one year at 4 ◦C in the dark before ephippia
were manually isolated from the sediment fraction. This storage
period ensured that diapause was terminated, the eggs became qui-
escent and hatching could be induced under favorable conditions
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Fig. 2. Stages of normal embryonic development of D. magna dormant eggs, as observed at 20 ◦C and 16 h light: 8 h dark (photographs numbered 1–5, similar to developmental
stages in parthenogenetic eggs as described by Kast-Hutcheson et al., 2001). Stage 1: no evidence of cellular differentiation (before and 0–12 h after light activation). Stage 2:
cellular  organization and differentiation, 1st embryonic membrane is shed shortly after entry into stage 2 (12–20 h after light activation). Stage 3: embryonic development,
pigmented eye is evident, 2nd embryonic membrane starts to rupture (21–30 h after activation). Stage 4: embryonic maturation, head capsule and second antennae have
differentiated. Ruptured 2nd embryonic membrane is often visible as caps on inner membrane (31–45 h after activation). Stage 5: Late embryonic maturation, antennae
partially extended, shell spine folded against carapax. Volume inside the inner membrane increases until rupture of membrane (minimum 48 h after activation). After that
the  organism is hatched and free swimming, second antennae setae are developed and shell spine is fully extended from the carapax. Depicted below the photographs are
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dhe  four different experimental time-windows of fenoxycarb exposure (indicated as
ctivation, white after): T−1, 1 day exposure in the dark (dormant eggs); T1 exposu
Stross, 1971; Vandekerkhove et al., 2005). For both experiments
solated ephippia were kept under storage conditions until the start
f the experiment, and all manipulations were performed in a room
ith only red light (700 nm), to prevent unwanted activation of the
ormant eggs by light exposure. All eggs were thus dormant prior
o incubation under optimal conditions (20 ◦C and a photoperiod
f 16 h light: 8 h dark) and hatching was induced by light activation
47.2 moles/m2/s). For certain treatments, dormant eggs were
echanically decapsulated with metal tweezers shortly before the
tart of the experiments and only healthy eggs were used.
.2. Fenoxycarb
Fenoxycarb, a juvenile hormone mimicking insecticide, was
elected as a model pesticide, because it is known to inter-
ere with hatching success and embryonic development of
. magna parthenogenetic (Mu  and Leblanc, 2004) and dor-
ant eggs (Navis et al., 2013). Fenoxycarb (ethyl2-(4-phenoxy-
henoxy)ethylcarbamate, CAS no. 72490-01-8, 99.6% purity,
igma–Aldrich, Germany) was dissolved in absolute ethanol (purity
in. 99.8%, VWR  International, France), with a ﬁnal concentration
f 0.05% ethanol in all treatment solutions and in the solvent con-
rol. Test solutions were freshly prepared on each exposure day
nd stock solutions were stored at −20 ◦C. Final nominal concen-
rations of 1 and 4 mg/L fenoxycarb were used. They were chosen
ased on previous hatching experiments (Navis et al., 2013) where
hese concentrations were found to delay and suppress hatch-
ng and increase the percentage of malformations in developing
mbryos. This enabled us to compare the sensitivity of the dif-
erent embryonic developmental stages to fenoxycarb exposure.
he actual concentration of the highest nominal test concentration
4 mg/L) was veriﬁed using UPLC–MS/MS and corresponded to a
easured concentration of 3.24 mg/L (average of four samples).
.3. Hatching experiment
In a ﬁrst experiment, both decapsulated (D) and encapsu-
ated (ephippia; E) eggs (Fig. 1B) were exposed to fenoxycarb at
ifferent stages of embryonic development. Their hatching charac-
eristics and the occurrence of developmental malformations were
ubsequently monitored during 10 days. Eggs were exposed to
enoxycarb during one of four exposure times: from 24 h before
ight activation until just before light activation (T−1); and at
ifferent time periods after light activation: during the ﬁrst 24 hatched part of the bars), before and after light activation of the eggs (black is before
ing the 1st day after light activation; T2 during the 2nd day; T1+2 during both days.
only (T1); from 24 h until 48 h (T2); or for 48 h, starting directly
after light activation (T1+2). These exposure times coincide with
different developmental stages during the hatching process of dor-
mant eggs (Fig. 2) as observed in previous experiments (Navis et al.,
2013): T1 corresponds to early embryonic development and T2 to
late embryonic development. The dormant (T−1) or activated (T1,
T2 and T1+2) eggs were exposed to either 1 or 4 mg/L fenoxycarb
or to control conditions. This resulted in a total of 26 experimental
treatments; 4 exposure times (T−1, T1, T2 and T1+2)*3 pesticide
concentrations (0, 1 or 4 mg/L fenoxycarb) + 1 solvent control for
T1+2 (the longest exposure time) = 13 exposure treatments*2 egg
types (D and E). For each treatment, 48 decapsulated eggs (D) or
48 ephippia (E) were placed individually in the wells of 24-well
microtiter plates (polystyrene, non-coated, sterile plates, Greiner
Bio-One GmbH) containing 2 mL  of exposure medium, prepared
in artiﬁcial freshwater (ADaM: Klüttgen et al., 1994). To ensure
that exposure to the pesticide could only occur during the pre-
determined time window, the eggs were rinsed and transferred
into new microtiter plates with 2 mL  fresh ADaM-water after the
exposure period had ended. Treatments were randomized over
plates in such a way  that each treatment was allocated to four ran-
domly assigned half multiwell plates. For treatments T1, T2 and
T1+2, plates were incubated for 10 days at 20 ± 2 ◦C in a light:dark
regime of 16:8 h to simulate spring conditions and induce hatch-
ing. Under these speciﬁc conditions, hatching of eggs from this
population is known to be very successful (above 80%) and syn-
chronized (Navis et al., 2013). For treatment T−1, plates were ﬁrst
exposed to fenoxycarb in total darkness at 20 ± 2 ◦C, simulating
conditions preceding the activation of dormant eggs, and trans-
ferred to light conditions after the 24 h of dark exposure had ended.
All incubated eggs were checked daily for hatching. At the end of
the experiment (day 10), all ephippia (E) were opened and checked
for any remaining (unhatched) eggs. In addition, embryonic devel-
opment and morphological abnormalities were monitored using a
stereomicroscope (for decapsulated eggs daily during the hatching
experiment, for eggs encased in ephippia only after termination of
the experiment).
2.4. Fenoxycarb in dormant egg tissue – experiment and
analytical methodIn a second experiment, tissue concentrations of fenoxycarb in
the developing embryos were analyzed. For this, dormant eggs of D.
magna (either decapsulated or encapsulated eggs) were exposed to
oxicology 159 (2015) 176–183 179
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Table 1
Results of generalized linear model testing effects of fenoxycarb exposure (fnx conc),
window of exposure (time), egg type and their interactions, on cumulative hatching
after 10 days and developmental malformations in hatched individuals.
Chi2 Df p-Value
Cumulative hatching (%)
Fnx conc 98.43 3 <0.001
Time 21.61 3 <0.001
Egg  type 118.57 1 <0.001
Fnx  conc*time 10.08 6 0.121
Fnx  conc*egg type 22.93 3 <0.001
Time*egg type 12.97 3 0.005
Fnx  conc*time*egg type 16.85 6 0.010
Developmental malformations (%)
Fnx conc 711.50 3 <0.001
Time 45.43 3 <0.001
Egg  type 72.01 1 <0.001
Fnx  conc*time 2.91 6 0.820
Fnx  conc*egg type 4.20 3 0.241S. Navis et al. / Aquatic T
 mg/L fenoxycarb at similar exposure treatments as in the previous
atching experiment. This resulted in 8 experimental treatments; 4
xposure times (T−1, T1, T2 and T1+2)*1 concentration fenoxycarb
4 mg/L)*2 egg types (D and E). For each treatment three replicates
ere included, and per replicate 100 eggs (D) or 100 ephippia (E)
ere exposed in the wells of a 6-well microtiter plate with 6 mL
f exposure solution. Dormant eggs were removed from the ephip-
ia directly after the exposure period had ended and only the eggs
ere used for further analysis to exclude fenoxycarb retained by
he ephippial case. All eggs were rinsed in fresh ADaM-water, col-
ected into cryotubes (100 eggs per tube) and stored at −80 ◦C until
urther analysis.
To a sample consisting of 100 Daphnia eggs, 1 mL  of pure
ethanol was added and the mixture was vortexed during 1 min.
fter 1 h of equilibration, the mixture was vortexed again and sub-
equently centrifuged at 16,000 × g (Galaxy 16DH ultracentrifuge,
WR, Belgium). The supernatant was 1/1 diluted with water and
0 L of this solution was injected into the UPLC–MS/MS sys-
em (Waters Acquity UPLC system coupled to a Waters Xevo-TQS
riple quadrupole mass spectrometer, with a Waters Acquity BEH
18 (1.7 m,  100 mm*2.1 mm)  column at 40 ◦C). The mobile phase
onsisted of a water/acetonitrile/4 mM ammonium acetate/0.1%
ormic acid gradient. The mass spectrometer was  operated in posi-
ive electrospray mode and fenoxycarb was detected on the basis of
he MRM  transition 301.98 (precursor ion) >87.8 (product ion). The
one voltage was set at 40 V, the collision energy at 19 V. The peak
f fenoxycarb was integrated and the concentration was calculated
sing external calibration. A linear correlation between peak area
nd concentration was obtained, with a correlation coefﬁcient (r2)
f >0.995. The average recovery was 86%; the recovery was deter-
ined for eggs fortiﬁed at a concentration of 40 ng/100 eggs. The
imit of quantiﬁcation, which was calculated as the concentration
orresponding to 6 times the chromatogram noise of a 0.3 g/L
xtract, was 0.02 ng/100 eggs (or 0.02 g/L in the extract).
All reagents used were analytical grade and obtained from
ommercial sources; methanol and acetonitrile (UHPLC-grade,
isher, Belgium), formic acid (>98%, Merck), fenoxycarb and
mmonium acetate (resp. purity 99.5% and 99.9%, Sigma–Aldrich,
elgium). Water used was puriﬁed using a Milli-Q Direct-Q3 sys-
em (Millipore, Milford, MA,  USA). Individual standard solutions of
enoxycarb were prepared in methanol at concentrations of 0.09 to
4 g/L and stored at 4 ◦C.
.5. Statistical analysis
For the hatching experiment, both hatching success as well as
evelopmental malformations of the embryos (in.%) were related
o timing and concentration of fenoxycarb exposure as well as to
gg type (decapsulated and encapsulated) using generalized linear
odels (GLM) with a logit-link function and binomial distribution,
ollowed by sequential Bonferroni-correction (Holm, 1979), to cor-
ect for multiple testing. Plate identity was taken into account by
ncluding it as a random blocking factor. In the hatching experi-
ent, blank controls were included for each exposure time while a
olvent control treatment was incorporated for the longest fenoxy-
arb exposure (T1+2). Effects of the pesticide on timing of hatching
day of maximum hatching) were evaluated only for decapsulated
ggs, using two-way ANOVA’s followed by Tukey’s HSD post hoc
ests. For encapsulated eggs, this was not possible, since hatched
but deformed) individuals still present in the ephippia were only
bserved upon opening of the ephippia after termination of the
xperiment, making it impossible to determine their actual day
f hatching. Tissue concentrations of fenoxycarb were log trans-
ormed, in order to ensure homogeneity of variances (Levene’s test)
nd the effect of exposure time and egg type on the concentrations
n the eggs were also analyzed using two-way ANOVA’s and Tukey’sTime*egg type 7.18 3 0.066
Fnx  conc*time*egg type 7.48 6 0.278
HSD post hoc tests. All statistical analysis were performed in R sta-
tistical software v3.0.2 (The R Foundation for Statistical Computing,
2013).
3. Results
3.1. Hatching experiment
Both fenoxycarb exposure and egg type (decapsulated vs encap-
sulated) had a signiﬁcant effect on hatching success of D. magna
dormant eggs (Table 1). The extent of the effects differed between
the four exposure times. When exposure took place during the two
days after activation (i.e. incubation under light conditions) (T1+2),
or only on the second day after activation (T2), hatching success
of the decapsulated eggs was signiﬁcantly negatively impacted by
fenoxycarb (reduction of 26.6% and 33.5% at 4 mg/L fenoxycarb
for T1+2 and T2, respectively; Fig. 3C and D). For the other two
exposure times no signiﬁcant effect on hatching of decapsulated
eggs was observed. Hatching of encapsulated eggs was  signiﬁcantly
negatively impacted by fenoxycarb exposure at T−1 (1 day in the
dark) and T1+2 (2 days, in light); hatching in these treatments was
reduced with 37.4% and 39.7%, respectively (Fig. 3A and D).
Even in treatments where fenoxycarb had no direct effects on
hatching, it caused malformations in developing embryos (defor-
mities of tail spine, antennae, carapax and compound eye were
observed). This increase in developmental malformations was sig-
niﬁcant (Table 1) at all four exposure times and both fenoxycarb
concentrations (Fig. 3E–H). Malformations in embryos from decap-
sulated eggs were most severe when exposed at T2 and T1+2. At
these two exposure times hatching was also signiﬁcantly delayed
(Fig. 4). The percentage of developmental malformations was low-
est in encapsulated eggs exposed at T−1; many eggs (55–59%) from
this treatment did not develop at all and remained in stage 1. Most
deformed embryos exposed at T−1 and T1 could still hatch, but at
T2 and T1+2 there was a large fraction of deformed embryos that
were unable to hatch (40.4% and 27.1% resp. for decapsulated eggs
at 4 mg/L fenoxycarb).
3.2. Fenoxycarb concentration in eggs
Concentrations measured in the eggs ranged from 15.7 to
1337.3 ng/100 eggs (Fig. 5). The concentrations of fenoxycarb dif-
fered signiﬁcantly among the exposure times (F = 89.664; df = 3;
p < 0.001), but not between the two  egg types (F = 0.824; df = 1;
p = 0.377). Lowest concentrations were detected in dormant eggs
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Fig. 3. Effects of fenoxycarb (fnx) treatment at four different exposure times (T−1, T1, T2 and T1+2) on cumulative hatching percentage during 10 days after exposure (left
panel)  and on the percentage of deformed hatchlings (right panel). T−1 = dark exposure for 1 day, T1 = exposure on day 1, T2 = exposure on day 2, T1+2 = exposure on day 1 and
2.  Fnx1 = fenoxycarb 1 mg/L, Fnx4 = fenoxycarb 4 mg/L, nominal test concentrations. Light gray bars represent decapsulated eggs (D) and dark gray bars eggs encapsulated in
their  ephippial case (E) during exposure. Hatched parts of the bars indicate deformed embryos that did not hatch. Distinct letters in the ﬁgures indicate signiﬁcant differences
among treatments within exposure times (n = 48, p ≤ 0.05, generalized linear model, followed by sequential Bonferroni-correction).
S. Navis et al. / Aquatic Toxicology 159 (2015) 176–183 181
Fig. 4. Effects of fenoxycarb (Fnx) exposure on day of maximum hatching, for the
four different exposure times (T−1, T1, T2, T1+2) and for decapsulated eggs only. At
T2  and T1+2 hatching was  signiﬁcantly delayed at the highest fenoxycarb concen-
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Tration (4 mg/L). Distinct letters in the ﬁgure indicate signiﬁcant differences (n = 12,
 ≤ 0.05, 2-way ANOVA, followed by Tukey’s HSD post hoc test).
hat were encapsulated in their ephippium during exposure to
enoxycarb for 1 day while still in the dark (T−1). Highest con-
entrations were detected in decapsulated eggs, exposed during
he 2nd day after activation by light (T2) (Fig. 5). Average con-
entrations (mean of three replicates) for these treatments were;
9.6 ng/100 eggs for encapsulated eggs from T−1 and 923.2 ng/100
ggs for decapsulated eggs from T2.
In Fig. 6, we integrated the results of hatching success and intra
gg pesticide concentrations. For decapsulated eggs, treatments
ith the highest tissue concentration of fenoxycarb coincided with
owest hatching success (Fig. 6A). Even at low tissue concentrations,
enoxycarb caused developmental malformations in the embryos
Fig. 6B). And in all treatments a very large portion (>80%) of the
atchlings was deformed (Fig. 6C).
. DiscussionAlthough D. magna is a key species in many freshwater ecosys-
ems (Lampert and Kinne, 2011; Miner et al., 2012) and one of the
ost commonly used test species in ecotoxicology (Walker, 2014),
ery little is known about the effects of chemicals on their dormant
ig. 5. Concentrations of fenoxycarb measured by UPLC–MS/MS in D. magna dor-
ant eggs; light gray bars indicate decapsulated eggs, dark gray bars represent
ggs  encapsulated in their ephippial case during exposure. The two egg types were
xposed to 4 mg/L fenoxycarb at four different stages during embryonic develop-
ent (T−1, T1, T2 and T1+2). Highest fenoxycarb concentrations were detected
n  embryos exposed during later developmental stages (T2). Distinct letters in the
gure indicate signiﬁcant differences (n = 8, p ≤ 0.05, 2-way ANOVA, followed by
ukey’s HSD post hoc test).
Fig. 6. Correlation between concentrations of fenoxycarb measured in egg tissue
(average fenoxycarb concentration of three replicate samples, expressed in ng/100
eggs) and (A) cumulative hatching success (%), (B) developmental malformations
(%)  observed in the embryos, and (C) deformed hatchlings (%). Light gray circles
represent treatments with decapsulated eggs, dark gray circles with encapsulated
eggs, exposure times (T−1, T1, T2 and T1+2) are indicated next to the corresponding
symbols.life stages. In previous work we have demonstrated that pesticides
can not only affect development and hatching success of D.  magna
dormant eggs, but also survival and performance of the individuals
hatched from exposed eggs (Navis et al., 2013). In the present study,
building further on these ﬁndings, we have shown that, (a) the
time-window of exposure during embryonic development deter-
mines the impact on hatching success and timing as well as the
severity of deformations in embryos and hatchlings, and (b) these
effects can be related to the internal fenoxycarb concentrations as
measured in the egg tissue. In addition, fenoxycarb tissue concen-
trations in decapsulated versus encapsulated eggs did not differ
signiﬁcantly, suggesting that the ephippial case offers limited or no
direct protection against fenoxycarb exposure.
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.1. Timing of exposure determines impact of fenoxycarb on
eveloping embryos
As hypothesized, the negative effects of fenoxycarb on
mbryonic development and hatching characteristics (cumulative
ercentage and timing) of D. magna dormant eggs, differed sig-
iﬁcantly between the four exposure times. The ﬁnal stages of
mbryonic development (Fig. 2 Stages 4 and 5) were most sensitive
o fenoxycarb exposure. Before light activation, dormant eggs are
urrounded by three membranes (Zaffagnini, 1987), after activation
nd during embryonic development these membranes are shed and
t the last developmental stage, embryos are only protected by one
xternal membrane and become much more active. This allows a
igher inﬂux of the surrounding medium (Davison, 1969) and thus
lso fenoxycarb into the eggs. Bodar et al. (1989) similarly found
hat the last embryonic instars of developing parthenogenetic eggs
f D. magna were most sensitive to metal exposure.
.2. Bioconcentration of fenoxycarb in dormant egg tissue
Previously, we have shown that the extent to which pesticides
an affect dormant eggs of D. magna can differ between pesticides
Navis et al., 2013): fenoxycarb had signiﬁcant negative effects on
evelopment and hatching, while there were no such direct effects
f carbaryl. We  suggested that this could be related to the mode
f action of the toxicant and difference in the ability of the two
esticides to bioconcentrate in the eggs. In this study we  have
roven that fenoxycarb is indeed taken up from the water fraction
y dormant eggs of D. magna and that the level of bioconcentra-
ion depends on the timing of pesticide exposure during embryonic
evelopment. Fenoxycarb levels in eggs exposed before light acti-
ation (T−1) or during the ﬁrst developmental stages (T1) were
elatively low, while higher concentrations were observed when
xposure took place during later embryonic development (T2 and
1+2).
Our ﬁndings on bioconcentration of fenoxycarb cannot directly
e compared to other studies, since, to our best knowledge, this is
he ﬁrst study to quantify pesticide concentrations inside Daphnia
ormant eggs. In two previous studies, metals (Wyn  et al., 2007)
nd several organic contaminants (Chiaia-Hernandez et al., 2013)
ere measured in whole Daphnia ephippia (including the eggs as
ell as the protective maternal case) while in a diapausing state.
oth studies found that contaminants were taken up in ephippia.
ioconcentration of organic compounds depended mainly on their
ydrophobicity. For diazinon, a pesticide with a similar log Kow as
enoxycarb (but a different mode of action), a bioconcentration
actor of 170 L/kglip has been reported (Chiaia-Hernandez et al.,
013). However, a substantial number of ephippia in this study
id not contain any eggs (around 80%). Therefore it is likely that
art of the toxicant levels measured, actually consisted of chem-
cals retained/absorbed by the ephippial case, instead of the egg
issue.
.3. Protective value of ephippial case
One of our aims was to identify whether the ephippial envelope
ould protect the dormant eggs against toxicant exposure. Tissue
oncentrations did not differ signiﬁcantly between decapsulated
ersus encapsulated eggs at any of the four exposure windows.
his observation suggests limited or no direct protection of the
phippial case against chemical exposure of the embryos. Instead,
he effect of the pesticide exposure seems to be determined by
he (number of) membranes surrounding the embryo during the
xposure period.
In addition, fenoxycarb had an even stronger effect on hatch-
ng success of encapsulated than decapsulated eggs (Fig. 3A–D). Agy 159 (2015) 176–183
possible explanation for this might be that embryos from encap-
sulated eggs needed more energy to hatch (extra cost of getting
out of the ephippial case), leading to a stronger negative effect of
pesticide exposure.
4.4. Ecological implications
With this study we contribute to existing evidence showing that
pollutants not only affect survival and reproduction of clonal lin-
eages of Daphnia, but also have effects on hatching of dormant eggs
(Angeler et al., 2006; Raikow et al., 2006, 2007; Alekseev et al.,
2010; Navis et al., 2013). Even though dormant eggs show a high
tolerance to extreme physical conditions like freezing and desicca-
tion (Mellors, 1975; Radzikowski, 2013), they can still be affected
by chemical pollution. Effect levels of fenoxycarb for development
and hatching are about twice the acute effect levels for neonates:
48 h EC50 of D. magna neonates is 0.5–0.6 mg/L (EFSA, 2010), while
the EC50 for hatching is 1.3 mg/L (Navis et al., 2013). Embryonic
development of parthenogenetic eggs seems to be affected at con-
centrations about 1000 times lower (Mu  and Leblanc, 2004) than
embryonic development in dormant eggs. This indicates that, with
respect to fenoxycarb exposure, dormant eggs are less sensitive
than endpoints related to the asexual part of the reproduction cycle
in D. magna.  Our study clearly indicates that the severity of the
effects of pesticide exposure on developing dormant eggs of D.
magna depends on the timing of exposure, with the later develop-
mental stages being most sensitive. However, eggs were not only
affected during embryonic development (after activation by light
incubation), but even when they were still dormant (in dark condi-
tions) and when surrounded by an ephippial case. Depending on the
reversibility of these effects, exposure to certain types of chemicals
could therefore impact the size and structure of zooplankton dor-
mant egg banks, in turn affecting the benthic-pelagic coupling in
aquatic systems (Gyllström and Hansson, 2004; Angeler and Garcia,
2005). Interference with development and hence a reduced hatch-
ing from the mixed egg bank may  have effects on (re)colonization of
aquatic systems. Small active population sizes could further lower
the amount of produced dormant stages, eroding the buffering
capacity of the egg bank against the risk of local extinction and
loss of genetic diversity (Levin, 1990; Brendonck and De Meester,
2003). In current higher-tier studies concerning potential long-
term impacts of chemical exposure on zooplankton communities
and populations, impacts on dormant life stages are generally not
taken into account (e.g. Beketov et al., 2008; Stampﬂi et al., 2011).
This could result in incomplete or false assessments regarding the
potential for recovery of aquatic ecosystems that were previously
exposed to pesticides. Our results stress the importance of consid-
ering the full life-cycle of model organisms used in ecotoxicological
studies, that are ultimately aimed at assessing risks of chemical
exposure on natural aquatic ecosystems.
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